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ABSTRACT: Light-absorbing organic carbon (i.e., brown carbon or BrC) in the atmospheric aerosol has signiﬁcant con-
tribution to light absorption and radiative forcing. However, the link between BrC optical properties and chemical composition
remains poorly constrained. In this study, we combine spectrophotometric measurements and chemical analyses of BrC samples
collected from July 2008 to June 2009 in urban Xi’an, Northwest China. Elevated BrC was observed in winter (5 times higher
than in summer), largely due to increased emissions from wintertime domestic biomass burning. The light absorption coeﬃcient
of methanol-soluble BrC at 365 nm (on average approximately twice that of water-soluble BrC) was found to correlate strongly
with both parent polycyclic aromatic hydrocarbons (parent-PAHs, 27 species) and their carbonyl oxygenated derivatives
(carbonyl-OPAHs, 15 species) in all seasons (r2 > 0.61). These measured parent-PAHs and carbonyl-OPAHs account for on
average ∼1.7% of the overall absorption of methanol-soluble BrC, about 5 times higher than their mass fraction in total organic
carbon (OC, ∼0.35%). The fractional solar absorption by BrC relative to element carbon (EC) in the ultraviolet range (300−400 nm)
is signiﬁcant during winter (42 ± 18% for water-soluble BrC and 76 ± 29% for methanol-soluble BrC), which may greatly aﬀect
the radiative balance and tropospheric photochemistry and therefore the climate and air quality.
■ INTRODUCTION
Carbonaceous aerosol, including organic carbon (OC) and black
carbon (BC), constitutes a large fraction of atmospheric aerosol
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and inﬂuences Earth’s climate directly by absorbing and scat-
tering radiation. The importance of BC has been well docu-
mented over the past decades because of its strong light absorp-
tion coeﬃcient.1−4 However, only in recent years has the role of
brown carbon (BrC) been recognized.5−16 BrC is a group of light
absorbing organic compounds with absorption increasing sharply
from the visible (Vis) to ultraviolet (UV) range. Although the
mass absorption eﬃciency of BrC is lower than that of BC, its
contribution to the UV absorption of carbonaceous aerosol is
potentially signiﬁcant due to the much higher abundance of OC
compared to BC in continental aerosol. In addition to the direct
eﬀect on solar radiation, BrC immersed in cloud droplets absorbs
light and might facilitate water evaporation and cloud dispersion,
which is an additional indirect eﬀect that counteracts the cooling
eﬀect of cloud droplet nucleation by aerosol.17
The sources of BrC are not well characterized so far. Emissions
from incomplete and smoldering combustion of biomass, including
forest ﬁres, burning of wood and agricultural waste, are known to
be a main source of BrC.18−22 Coal combustion is also recog-
nized to be the source of BrC, particularly in areas with res-
idential coal combustion.23−25 BrC can also be produced from
atmospheric processes other than direct combustion emissions.
As summarized in a recent review paper,15 “secondary BrC” can
be formed from atmospheric multiphase reactions between the
gas-phase, particle-phase, and cloud droplet constituents. The
diﬀerence in BrC emission sources together with the formation
of secondary BrC result in the complexity in BrC chemical com-
position and absorption properties. Additional complications
stem from the dynamic evolution of BrC in its physicochemical
properties as a consequence of atmospheric aging, which can
either enhance or reduce light absorption by BrC.26−29 It is there-
fore a challenging task to investigate the eﬀect of the dynamically
evolving BrC composition on its absorption properties.
Measurements of BrC absorption properties can be realized by
spectrophotometric analysis of aerosol extracts. As solution extracts
of aerosol do not contain BC or mineral dust, the light absorption
of BrC contained in these extracts can be measured without
interference of BC or mineral dust.30 Spectrophotometric ana-
lysis of solution extracts can also provide highly spectrally resolved
data over a wide wavelength range. Further, chemical analysis of
individual chromophores in the solution extracts and their cor-
relation with spectrophotometric measurements can provide a
better understanding of the eﬀects of BrCmolecular composition
and chemistry on its optical properties. Such correlation studies
are still in their early stages but are of importance because recent
evidence shows that the overall absorption properties of some
BrC compounds may be determined by the very minor presence
of highly absorbing chromophores with unique molecular struc-
tures and precursor-speciﬁc chemistry in their formation and
evolution.15,31
Model studies show elevated BrC annual burden in the areas
with large biomass burning activities, such as in Africa, India, and
China.32,33 High concentrations of BrC in China may greatly
inﬂuence the visibility, air quality, climate, and the tropospheric
photochemistry. However, BrC related studies are still very scarce
in China, with very limited studies focusing on the light absorption
properties in megacities, for example, Beijing.34−36 Here, we
extended the BrC studies to Xi’an, a megacity in northwest China
experiencing severe particulate air pollution, especially in the
wintertime domestic heating season due to enhanced biomass
burning activities. The objectives of this study were to investigate
(1) the concentrations and seasonal variations of BrC in urban
Xi’an; (2) the correlation of BrC absorption with individual
chromophores; and (3) the fractional solar absorption by BrC
relative to EC.
■ EXPERIMENTAL SECTION
Ambient Sample Collection. 24-h integrated PM2.5 sam-
ples were collected every 6 days on prebaked (780 °C, 3 h)
quartz-ﬁber ﬁlters (8 × 10 in., Whatman, QM-A) using a Hi-Vol
PM2.5 air sampler (Tisch, Cleveland, OH) at a ﬂow rate of
1.05 m3 min−1 from 5 July 2008 to 27 June 2009. After collection,
the ﬁlter samples were immediately wrapped in baked aluminum
foils and stored in a freezer (below −10 °C) until analysis. The
sampling site was located on the rooftop of the Institute of Earth
and Environment (∼10 m above the ground), Chinese Academy
of Sciences (IEECAS), which was surrounded by residential,
commercial and traﬃc area (see Supporting Information (SI)
Figure S1).The seasonal division was made according to the
meteorological characteristics, that is, the period from 15November
to 14 March was designated as winter, from 15March to 31 May as
spring, from 1 June to 31 August as summer and from 1 September
to 14 November as Fall.37 SI Figure S2 show the seasonal
frequency distribution of wind speed and wind direction.
Filter Extraction and Absorption Spectra Analysis.
A portion of ﬁlter (0.526 cm2 punch) taken from each sample was
sonicated for 1 h in 10mL of ultrapure water (>18.2MΩ) or meth-
anol (J. T. Baker, HPLC grade). The extracts were then ﬁltered
with a 0.45 μm PTFE pore syringe ﬁlter to remove insoluble
material. The extraction eﬃciencies were tested by analyzing the
absorption (365 nm) of the second extracts of the same ﬁlters
and the OC remained on the ﬁlter after the ﬁrst extraction (see
SI and Figure S3). Absorption spectra of the extracts (water or
methanol) were measured using a Liquid Waveguide Capillary
Cell (LWCC-3100, World Precision Instrument) equipped with
a UV−vis spectrophotometer (300−700 nm), following themethod
established by Hecobian et al. (2010).8 The extracts were diluted
to the rangewhere the Beer−Lambert law is valid before absorption
spectra measurements. The spectra recorded were corrected for
the ﬁlter blanks. The absorption data were converted to the absorp-
tion coeﬃcient following eq 1
= ‐
×
×λ λ l
Abs (A A )
V
V
ln(10)l700
a (1)
where Absλ (Mm
−1) represents the absorption coeﬃcient of ﬁlter
extracts at wavelength of λ. Aλ (arbitrary unit) is the absorbance
recorded. Vl (in mL) corresponds to the volume of solvent (water
or methanol) used to extract the ﬁlter sample, and Va (in m
3) is the
volume of the air sampled through the ﬁlter punch. The optical
length (l) of LWCCused here is 0.94m and ln(10) converts the log
base-10 (recorded by UV−vis spectrophotometer) to natural log-
arithm to provide base-e absorption coeﬃcient. To account for
baseline shift that may occur during analysis, absorption at all wave-
lengths below 700 nm are referenced to that of 700 nmwhere there
is no absorption for ambient aerosol extracts. The average
absorption coeﬃcient between 360 and 370 nm (Abs365) is used
to represent BrC absorption in order to avoid interferences from
nonorganic compounds (e.g., nitrate) and to maintain consistence
with previous reported results.
The mass absorption eﬃciency (MAE) of the ﬁlter extract at
wavelength of λ can be described as
=λ λMAE
Abs
M (2)
where M (μgC m−3) is the water-soluble organic carbon (WSOC)
concentration for water extracts or methanol-soluble organic
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carbon (MSOC) concentration for methanol extracts. Note that
for methanol extracts the use of an organic solvent prohibits deter-
mining carbonmass and therefore the OC concentrationmeasured
by the thermal/optical carbon analyzer is used assuming OC is
completely extracted by methanol. This assumption may lead to
underestimate of the MAE of methanol extracted BrC, although
previous studies show high OC extraction eﬃciencies by meth-
anol (e.g.,∼95% for biomass burning OC and∼85% for ambient
OC in Beijing).36,38
The wavelength dependence for light absorption by chromo-
phores in solution can be characterized by a power law equation:
= ·λλ ‐KAbs AAE (3)
where K is a constant related to chromophores concentration
and AAE is termed the absorption Ångström exponent, which
depends on the types of the chromophores in solution. The AAE
of ﬁlter extracts is calculated by a linear regression of log Absλ
versus log λ in the wavelength range of 330−550 nm. This range
is chosen to (1) avoid interferences from nonorganic compounds
at lower wavelength; (2) ensure suﬃcient signal-noise ratio for
the investigate samples.
Chemical Analysis. OC and EC were measured by a DRI
Model 2001 thermal/optical carbon analyzer following the
IMPROVE-A temperature protocol. More details were described
in previous studies.39,40 WSOC concentration was determined by a
TOC/TN analyzer (TOC−L, Shimadzu, Japan) and details were
described elsewhere.41 The concentrations of levoglucosan and
water-soluble inorganic ions (NH4
+, SO4
2−, NO3
−, Cl−, Na+, K+,
Ca2+, Mg2+) were determined with ion chromatography
following procedures described by Zhang et al.37 The concen-
trations of particulate polycyclic aromatic hydrocarbons (PAHs)
and their oxygenated (OPAHs) and nitro derivatives, including
27 parent-PAHs, 15 carbonyl-OPAHs, 8 hydroxyl- and carboxyl-
OPAHs, and 9 nitro-PAHs, were analyzed with a gas chromatog-
raphy−mass spectrometer (GC−MS) followingmethods described
by Wang et al.42
Direct Solar Absorption of Brown Carbon Relative to
Element Carbon. The measurement of EC light absorption
coeﬃcient by thermal/optical carbon analyzer is similar to the
determination of BC light absorption by Aethalometer, which
measure the light attenuation through a particle-loaded and a
particle-free reference quartz ﬁlter. Intercomparison between atten-
uation coeﬃcient derived by the carbon analyzer and Aethalometer
showed good agreement, indicating the equivalence of light
absorption measurement by the two analytical methods.43 The
artifacts associated with the ﬁlter-based measurement of EC absorp-
tion coeﬃcient were corrected following the method of Ram and
Sarin43 (see SI for more details). The direct solar absorption of
brown carbon relative to EC was estimated by the approach
similar to Kirchstetter and Thatcher44 and Kirillova et al.45
Brieﬂy, light absorption by absorbing species x (BrC or EC
herein) follows the Beer−Lambert’s law as
λ− = − − ·λI I
I
e( ) 1 b h0
0
xap, , ABL
(4)
where hABL corresponds to the boundary layer height (assuming
1000 m), bap,x,λ for EC denotes the absorption coeﬃcient derived
from the thermal/optical carbon analysis described above, and
for BrC bap,x,λ represents the absorption coeﬃcient of particulate
BrC. Previous studies reported that the light absorption
coeﬃcient of particulate BrC is about 0.7−2.0 times that of
BrC aerosol extract.46,47 Here, a conversion factor of 1 is applied
and the uncertainties are estimated. Then, the fraction of solar
radiation absorbed by water- or methanol-soluble BrC aerosol
relative to EC is given by
∫
∫
λ λ
λ λ
=
−
−
− ·
− ·
λ
λ
f
I e
I e
( ){1 }d
( ){1 }d
b h
b h
0
0
ap ABL
ap ABL
, BrC(water/methanol),
,EC,
(5)
where I0(λ) is the clear sky Air Mass 1 Global Horizontal solar
irradiance.48 The fraction f is obtained by numerical integration
of the above formula in the wavelength range of 300−2500 nm,
300−700 nm and 300−400 nm for each sample, respectively.
This approximate estimation is based on the following assump-
tions (1) the ground measurement results represent the whole
atmospheric boundary layer; (2) the light absorption coeﬃcient
of BrC aerosol extract is equal to that of particulate BrC.
■ RESULTS AND DISCUSSION
Light Absorption Properties of Soluble BrC. Figure 1
shows the seasonal average absorption spectra of WSOC and
MSOC at the wavelengths between 300 and 700 nm, which
exhibit the common characteristic of BrC with sharply increasing
absorbance toward shorter wavelength and is obviously diﬀerent
from the absorption properties of BC which are only weakly
wavelength dependent with an AAE close to 1. The seasonal
average AAE of WSOC varies slightly between 5.7 and 6.1 with
mean values of 5.9, within the range of previous studies in, for
example, the New Delhi, Beijing and outﬂow from northern
China.35,45,49 The AAE of MSOC (6.0± 0.2) is comparable with
that of WSOC, consistent with a previous study in urban Beijing
during winter.36 This feature is diﬀerent from measurements in
the Los Angeles Basin and the North American continental tro-
posphere where the AAE values of MSOC are lower compared to
AAE values ofWSOC.13,50 The diﬀerence in AAE between China
andNorth America might reﬂect the diﬀerence in emission sources
and atmospheric processes which determine the composition of
BrC chromophores. Another evident feature of BrC absorption
spectra shown in Figure 1 is that absorption coeﬃcient of MSOC
is always greater than that of WSOC across all measurement
wavelengths, which is consistent with previous studies. This can
be attributed to the diﬀerence in type and amount of chromo-
phores extracted, i.e., more chromophores are extracted in meth-
anol (e.g., PAHs from biomass burning and fossil fuel com-
bustion) but not in water.38,50 It should be noted that the change
of pH from particles to water extracts may aﬀect BrC absorption,
as Phillips et al.51 showed that the BrC absorption increases by
10% per pH unit from pH 2−12. We calculated the particle
pH value of the NH4
+-SO4
2−-NO3
−-Cl−-Na+-K+-Ca2+-Mg2+
system using the thermodynamic model ISORROPIA-II which
was run in “forward” mode.52 Our results show that the average
particle pH during the entire measurement period was 5.97,
similar to previous studies in Xi’an.53 Therefore, the pH change
from particle to water extracts is likely less than 1 pH unit and the
eﬀect on BrC absorption is less than 10%.
Figure 2a and b show the time series of absorption coeﬃcient
ofWSOC andMSOC at 365 nm (i.e., Abs365,WSOC and Abs365,MSOC)
as well as the concentrations of WSOC, OC, levoglucosan, parent-
PAHs and carbonyl-OPAHs. They all show clear seasonal variations
with enhanced values in winter. The seasonal averages for all
measured parameters peak in winter, decreasing in fall and spring
and reaching the minimum in summer (see SI Table S1). It should
be noted that Abs365,MSOC is approximately two times (1.7−2.1)
higher than Abs365,WSOC in all seasons, indicating that MSOC
provides a better estimation of BrC thanWSOC. Figure 2c shows
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the comparison with previous studies in East Asia, South Asia,
and the U.S. Note that Abs365,MSOC was not measured in
most previous studies and therefore only Abs365,WSOC values are
compared here. It can be seen from the ﬁgure that Abs365,WSOC
in the urban regions of South Asia and East Asia is much higher
than that in the U.S., indicating the large diﬀerence in the
composition and concentration of chromophores. The winter-
time Abs365,WSOC is signiﬁcantly higher than the summertime
Abs365,WSOC in China (P < 0.001), which could be attributed
to the enhanced emissions of BrC from residential heating in
winter.
Figure 3a and b show the correlation between Abs365,WSOC and
WSOC and between Abs365,MSOC andOC, respectively. The slopes
represent the seasonal average of mass absorption eﬃciency at
the wavelength of 365 nm (MAE365), which follows the descending
order of winter > fall > spring > summer for both WSOC and
MSOC (see also SI Table S1). The seasonal diﬀerence in
MAE365,WSOC and MAE365,MSOC indicates the seasonal diﬀerence
Figure 2. Time series of the light absorption coeﬃcient of WSOC and MSOC at 365 nm (Abs365,WSOC and Abs365, MSOC, respectively) as well as OC,
WSOC (a) and levoglucosan, parent-PAHs, carbonyl-OPAHs concentrations (b) and comparison of Abs365,WSOC in South Asia, East Asia, and the
United States (c).
Figure 1. Seasonal average absorption spectra ofMSOC (a and b) andWSOC (c and d) plotted on a linear (top) and logarithmic (bottom) scale. AAE is
determined by a linear regression of log(Absλ) versus log(λ) in the wavelength range of 330−550 nm.
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in the chemical composition and sources of BrC, the latter is
further supported by the seasonal diﬀerence in correlation coef-
ﬁcient (r2) of the linear regression. For example, a high corre-
lation was observed in winter for both WSOC (r2=0.81) and
MSOC (r2 = 0.79), which is consistent with the high correlation
between Abs365,WSOC and levoglucosan (r
2 = 0.65) and between
Abs365,MSOC and levoglucosan (r
2 = 0.71) inwinter (Figure 3c and d),
indicating that biomass burning emissions are the major source
contributing to the absorption of BrC at Xi’an in winter (Biomass
burning was found to be the dominant source of organic aerosol
in Xi’an during winter37,54). Furthermore, the MAE values
(average of 1.65 for WSOC and 1.33 for MSOC) in winter are
within the range of MAE of biomass burning ((e.g., 1.3−1.8 for
corn stalk,55 1.37 for rice straw,56∼ 1.9 for BB smoke particles57),
which further supports that biomass burning is the major BrC
source in winter in Xi’an. In contrast to the wintertime case, a
lower correlation was observed in summer for both WSOC (r2 =
0.49) and MSOC (r2 = 0.31) because more WSOC and MSOC
in summer are derived from secondary organic aerosol (SOA)
and many low molecular weight SOA compounds are colorless.
The diversity in the sources of BrC in diﬀerent seasons is further
supported by the descending order of spring > winter > fall >
summer for the correlation coeﬃcient between Abs365,WSOC and
levoglucosan and betweenAbs365,MSOC and levoglucosan (Figure 3c
and d), and by the smaller correlation coeﬃcient (except spring)
between Abs365,WSOC and levoglucosan and between Abs365,MSOC
and levoglucosan when compared to the corresponding correla-
tion coeﬃcient between Abs365,WSOC and WSOC and between
Abs365,MSOC and OC. In other words, there existed other sources
contributing to BrC in Xi’an in all seasons, particularly in summer
(e.g., secondary BrC). Note that the high correlation suggests
similar sources and lifetimes in the atmosphere and are not likely
to be driven by changes in the boundary layer mixing volumes
which are more like to promote changes in absolute concen-
tration by a factor of ∼2 as we observed in Xi’an between winter
and summer (The boundary layer heights were 600−700 m in
winter and 1300−1500 m in summer, respectively58).
PAHs: An Eﬃcient BrC Chromophore. PAHs are ubiq-
uitous in atmospheric particles from incomplete combustion of
biomass and coal. Data available in the literature show that some
PAHs, due to the large conjugated polycyclic structure, are strongly
light-absorbing compounds at near-UV wavelength range
(i.e., 300−400 nm, also see SI Figure S4) and therefore have
been suggested to be important BrC chromophores.47,59,60
In order to understand the potential contribution of PAHs to
BrC absorption, the relationships between light absorption of BrC
and the concentrations of parent-PAHs and carbonyl-OPAHs are
examined. Scatter plots of parent-PAHs and carbonyl−OPAHs
against Abs365,WSOC and Abs365,MSOC are shown in Figure 4.
In general, parent-PAHs and carbonyl-OPAHs are correlated
well with Abs365,MSOC in all seasons (r
2 > 0.61). This result indi-
cates that a signiﬁcant part of BrC comes from a similar source as
PAHs (i.e., incomplete combustion of biofuel or fossil fuel), or
that PAHs are a signiﬁcant fraction of BrC chromophores.
Correlations of Abs365,WSOC with parent-PAHs and carbonyl-
OPAHs are lower compared to corresponding correlations with
Abs365,MSOC in all seasons. This is reasonable because parent-PAHs
and carbonyl-OPAHs are organic solvent extractable (e.g.,methanol)
but mostly insoluble in water. Therefore, they contribute to
methanol-soluble but not to water-soluble BrC absorption. The
moderate correlation coeﬃcient of Abs365,WSOC with parent-PAHs
and carbonyl-OPAHs may be ascribed to the water-soluble
chromophores that coemitted with parent-PAHs and carbonyl-
OPAHs from sources such as biomass burning and coal combus-
tion. Again the extremely low correlations between Abs365,WSOC
and parent-PAHs and carbonyl-OPAHs in summer indicate that
extra sources, not associated with PAHs (e.g., SOA), contribute
to the light absorption of WSOC.
The potential contribution of PAHs to the bulk light absorp-
tion of BrC (300−700 nm) in ambient air is estimated following
a method modiﬁed from Samburova et al.60 who estimated the
contribution of PAHs to BrC light absorption in biomass burning
source emission. Here, the contribution was calculated based on
two parameters: ambient mass concentrations of individual PAHs
and its solar-spectrum-weighed light absorption eﬃciency−
MAEPAH_av. The latter was obtained by multiplying MAE of
individual PAHs with the power distribution of the solar
spectrum and spectrally integrated (see SI and Figure S5).56
SI Table S2 summarizes the MAEPAH_av of individual parent-
PAHs and carbonyl-OPAHs studied here. The PAHs with
Figure 3. Scatter plots of Abs365,WSOC and Abs365, MSOC against WSOC and OC (a and b) and levoglucosan concentrations (c and d) and the
corresponding linear correlation coeﬃcients (e and f).
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MAEPAH_av > 0.1 m
2 g−1 are named BrC_PAHs, which have
strong light absorption properties in the blue and near-UV
spectral region. Individual BrC_PAHs shows good correlation
with Abs365,MSOC (r
2 > 0.73, see Table 1), indicating further that
these PAHs are likely a signiﬁcant fraction of BrC chromophores.
The contributions of individual BrC_PAHs to the BrC bulk
light absorption (300−700 nm) are estimated by dividing solar-
spectrum-weighed absorption coeﬃcient of MSOC by that of
BrC_PAHs (MAEPAH,av×PAHconcentration). The overall annual
average contribution of all BrC_PAHs listed in Table 1 to the BrC
bulk light absorption is about 1.7%. This contribution is about
5 times of their mass contribution to organic carbon (∼0.35%),
indicating that even small amounts of light-absorbing com-
pounds can have a disproportionately high impact on the light
absorption properties of BrC. Besides PAHs, a few compounds
have been identiﬁed as BrC chromophore. Laboratory study
showed that N-heterocyclic PAHs (N-PAHs) with 4−6 aromatic
rings emitted from biomass burning are likely important BrC
chromophores but they absorb more solar radiation in the visible
wavelength range (400−500 nm) than their corresponding
PAHs.61 Mohr et al.62 quantiﬁed ﬁve nitrated phenol compounds
which accounted for ∼4% of BrC light absorption at 370 nm
in ambient air in Detling, United Kingdom. Zhang et al.50 iden-
tiﬁed eight nitro-aromatic compounds in aerosol extracts in
Los Angeles Basin, which contributed to ∼4% of water-soluble
BrC light absorption at 365 nm. Teich et al.63 determined eight
nitrated aromatic compounds in aerosol samples collected in
Germany and China. The mean contribution of these nitrated
aromatic compounds to water-soluble BrC light absorption at
370 nm ranged from 0.1 to 1.3% under acidic condition and from
0.1 to 3.7% under alkaline condition. However, in cloudwater sam-
ples heavily aﬀected by biomass burning collected at Mount Tai,
Table 1. Annual Mean Contributions of Main BrC_PAHs Species to Methanol Extracted BrC Light Absorption
compounds r2 (conc.Vs Abs365,MSOC) MAEPAH_av
a (m2 g−1) concentration (ng m−3) contribution to BrC light absorption (%)
indeno[1,2,3-cd]pyrene 0.804 1.0711 6.17 0.272
benzo[b+j+k]ﬂuoranthenes 0.862 0.3475 18.04 0.244
benzo[a]pyrene 0.807 0.7709 8.6 0.241
benzo[e]pyrene 0.863 0.7709 7.94 0.240
pyrene 0.849 0.3530 7.97 0.082
perylene 0.787 1.7942 1.09 0.074
coronene 0.777 0.2774 6.93 0.073
benzo[ghi]perylene 0.759 0.1821 6.64 0.052
retene 0.736 0.1969 10.12 0.044
benzo[a]anthracene 0.786 0.2842 4.81 0.041
ﬂuoranthene 0.867 0.2834 3.52 0.028
dibenzo[a,h]anthracene 0.840 0.2842 1.33 0.015
chrysene 0.887 0.0883 4.99 0.014
anthracene 0.788 0.2801 0.65 0.006
7H-Benz[d,e]anthracene-7-one 0.796 0.4385 9.01 0.138
5,12-naphthacenedione 0.773 0.3069 2.76 0.026
9,10-anthracenedione 0.864 0.1033 5.26 0.015
9-ﬂuorenone 0.847 0.0920 1.79 0.083
total 1.688
aMAEPAH_av of individual PAH is obtained by multiplying MAE of individual PAHs with the power distribution of the solar spectrum and spectrally
integrated (see Supporting Information).
Figure 4. Scatter plots of Abs365,WSOC and Abs365, MSOC versus concentrations of parent-PAHs (a and b) and carbonyl-OPAHs (c and d) and the
corresponding linear correlation coeﬃcients (e and f).
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Desyaterik et al.64 identiﬁed 16 major light-absorbing compounds
(mainly nitrophenols and aromatic carbonyls compounds),
which contributed to ∼50% of BrC light absorption between
300 and 400 nm. In general, a large fraction of BrC chromophores
are still not identiﬁed so far. More studies are therefore necessary
to better understand the link between BrC light absorption
properties and the chemical composition.
Direct Solar Absorption of Brown Carbon Relative to
Element Carbon. The importance of BrC optical properties is
evaluated by calculating the fractional solar absorption by BrC
relative to EC following eq 5 and the results are shown in Table 2.
In the whole range of solar spectrum (300−2500 nm), the
amount of solar radiation absorbed by WSOC relative to EC is
only 2 ± 1% and 10 ± 4% in summer and winter, respectively,
which are similar to previous studies in Beijing (6 ± 3% in
summer and 11 ± 3% in winter),35 New Delhi (6 ± 3% in
winter)45 and Gosan, Korea (6 ± 2 in winter).49 MOSC shows
slightly higher contribution (i.e., 3± 1% in summer and 18± 7% in
winter). However, when considering theUV range (300−400 nm)
only, the fractional solar absorption by WSOC relative to EC
increases to 9 ± 3% in summer and to 42 ± 18% in winter. The
contribution from MSOC increases further to 15 ± 3% in
summer and to 76± 29% in winter. It should be noted that these
calculated results provide an approximate estimate of the relative
climate eﬀect of BrC relative to EC, which may be aﬀected by the
uncertainties associated with the assumptions (i.e., AAE of EC
(AAEEC) is set to 1 and the light absorption coeﬃcient of par-
ticulate BrC is equal to that of BrC aerosol extract). When the
upper limit value of AAEEC (1.4) is applied, the fractional solar
absorption by BrC relative to EC in the UV range is still signif-
icant (38 ± 16% for WSOC and 68 ± 26% for MSOC during
winter) (see SI Table S3). Likewise, direct solar absorption of
BrC relative to EC is signiﬁcant when the conversion factor of
light absorption coeﬃcient between BrC aerosol extract and
particulate BrC varies from 0.7 to 2.0 (see SI Table S4), although
this estimate has its limitations derived from the simplifying
assumptions, for example, the light absorption of aerosol extracts
may not be directly translated into the absorption of ambient
aerosol considering the size distribution of aerosol, the eﬀects of
internal mixing and the changes in absorption caused by dis-
solving the chromophores into methanol or water. Note that
although a constant boundary layer height of 1000 m was used
for the calculation, uncertainty analysis indicates that the change
of boundary layer height from 500 to 1500 m has a minor eﬀect
on the results (<2%). These results indicate that although EC is
the main light-absorbing carbonaceous species in the atmos-
phere, the eﬀect of BrC should not be ignored, especially in the
lower wavelength (i.e., below 400 nm) during winter season.
In general, the strong absorption of solar radiation by BrC in the
UV range may signiﬁcantly aﬀect the radiative balance and there-
fore the tropospheric photochemistry. For example, Jo et al.65
estimated that the inclusion of BrC absorption (traditional scat-
tering only) can lead to the decrease of annual NO2 photolysis
rate by up to ∼8% in surface air over Asia and therefore 6%
reduction of annual mean surface O3 concentration. Hammer
et al.66 examined the eﬀects of BrC absorption on the tropospheric
OH photochemistry and found that OH concentrations
decreased by ∼5% over China in April 2007 due to BrC absorp-
tion. Therefore, future climate and air quality model should
consider the eﬀect of BrC absorption.
Despite the uncertainties derived from assumptions discussed
above, our results show the signiﬁcance of the direct solar absorp-
tion of BrC relative to EC. Understanding the BrC sources,
molecular composition and chemistry as well as the links with
optical properties are critical for better quantifying the implica-
tions of BrC, but is still in its early stages as discussed in a recent
reviewpaper.15 Similar to nitrated phenols, nitrated aromatics,50,62,63
the PAHs and carbonyl-OPAHs quantiﬁed here also only explain
a small fraction of BrC light absorption but their concentrations
are strongly correlated with MSOC absorption. Future studies of
BrC chemical characterization should target the speciation of com-
pounds coemitted with PAHs or the identiﬁcation of common
features (e.g., functional groups) and proxy compounds.
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Sources and light absorption of water-soluble organic carbon aerosols in
the outflow from northern China. Atmos. Chem. Phys. 2014, 14, 1413−
1422.
(50) Zhang, X. L.; Lin, Y. H.; Surratt, J. D.; Weber, R. J. Sources,
composition and absorption angstrom exponent of light-absorbing
organic components in aerosol extracts from the Los Angeles Basin.
Environ. Sci. Technol. 2013, 47, 3685−3693.
(51) Phillips, S. M.; Bellcross, A. D.; Smith, G. D. Light absorption by
brown carbon in the southeastern United States is pH-dependent.
Environ. Sci. Technol. 2017, 51, 6782−6790.
(52) Fountoukis, C.; Nenes, A. ISORROPIA II: a computationally
efficient thermodynamic equilibrium model for K+−Ca2+−Mg2+−
NH4
+−Na+−SO42‑−NO3−−Cl−−H2O aerosols. Atmos. Chem. Phys.
2007, 7, 4639−4659.
(53) Wang, G. H.; Zhang, R. Y.; Gomez, M. E.; et al. Persistent sulfate
formation from London Fog to Chinese haze. Proc. Natl. Acad. Sci. U. S.
A. 2016, 113, 13630−13635.
(54) Elser, M.; Huang, R.-J.; Wolf, R.; Slowik, J. G.; Wang, Q.;
Canonaco, F.; Li, G.; Bozzetti, C.; Daellenbach, K. R.; Huang, Y.; Zhang,
R.; Li, Z.; Cao, J.; Baltensperger, U.; El-Haddad, I.; Prev́ôt, A. S. H. New
insights into PM2.5 chemical composition and sources in twomajor cities
in China during extreme haze events using aerosol mass spectrometry.
Atmos. Chem. Phys. 2016, 16, 3207−3225.
(55) Li, X.; Chen, Y.; Bond, T. C. Light absorption of organic aerosol
from pyrolysis of corn stalk. Atmos. Environ. 2016, 144, 249−256.
(56) Park, S. S.; Yu, J. Chemical and light absorption properties of
humic-like substances from biomass burning emissions under controlled
combustion experiments. Atmos. Environ. 2016, 136, 114−122.
(57) Lin, P.; Bluvshtein, N.; Rudich, Y.; Nizkorodov, S.; Laskin, J.;
Laskin, A. Molecular chemistry of atmospheric brown carbon inferred
from a nationwide biomass burning event. Environ. Sci. Technol. 2017,
51, 11561−11570.
(58) Zhao, S. Y.; Tie, X. X.; Cao, J. J.; Li, N.; Li, G. H.; Zhang, Q.; Zhu,
C. S.; Long, X.; Li, J. D.; Feng, T.; Su, X. L. Seasonal variation and four-
year trend of black carbon in the mid-west China: The analysis of the
ambient measurement andWRF-Chemmodeling.Atmos. Environ. 2015,
123, 430−439.
(59) Jacobson, M. Z. Isolating nitrated and aromatic aerosols and
nitrated aromatic gases as sources of ultraviolet light absorption. J.
Geophys. Res. 1999, 104, 3527−3542.
(60) Samburova, V.; Connolly, J.; Gyawali, M.; Yatavelli, R. L. N.;
Watts, A. C.; Chakrabarty, R. K.; Zielinska, B.; Moosmüller, H.;
Khlystov, A. Polycyclic aromatic hydrocarbons in biomass-burning
emissions and their contribution to light absorption and aerosol toxicity.
Sci. Total Environ. 2016, 568, 391−401.
(61) Lin, P.; Aiona, P. K.; Li, Y.; Shiraiwa, M.; Laskin, J.; Nizkorodov, S.
A.; Laskin, A. Molecular characterization of brown carbon in biomass
burning aerosol particles. Environ. Sci. Technol. 2016, 50, 11815−11824.
(62) Mohr, C.; Lopez-Hilfiker, F. D.; Zotter, P.; Prevot, A. S.; Xu, L.;
Ng, N. L.; Herndon, S. C.; Williams, L. R.; Franklin, J. P.; Zahniser, M.
S.; Worsnop, D. R.; Knighton, W. B.; Aiken, A. C.; Gorkowski, K. J.;
Dubey, M. K.; Allan, J. D.; Thornton, J. A. Contribution of nitrated
phenols to wood burning brown carbon light absorption in Detling, UK
during winter time. Environ. Sci. Technol. 2013, 47, 6316−6324.
(63) Teich, M.; van Pinxteren, D.; Wang, M.; Kecorius, S.; Wang, Z.;
Müller, T.; Mocnik, G.; Herrmann, H. Contributions of nitrated
aromatic compounds to the light absorption of water-soluble and
particulate brown carbon in different atmospheric environments in
Germany and China. Atmos. Chem. Phys. 2017, 17, 1653−1672.
(64) Desyaterik, Y.; Sun, Y.; Shen, X.; Lee, T.; Wang, X.; Wang, T.;
Collett, J. L. Speciation of brown carbon in cloud water impacted by
agricultural biomass burning in eastern China. J. Geophys. Res.- Atmos.
2013, 118, 7389−7399.
(65) Jo, D. S.; Park, R. J.; Lee, S.; Kim, S. W.; Zhang, X. A global
simulation of brown carbon: implications for photochemistry and direct
radiative effect. Atmos. Chem. Phys. 2016, 16, 3413−3432.
(66) Hammer, M. S.; Martin, R. V.; van Donkelaar, A.; Buchard, V.;
Torres, O.; Ridley, D. A.; Spurr, R. J. D. Interpreting the ultraviolet
aerosol index observed with the OMI satellite instrument to understand
absorption by organic aerosols: implications for atmospheric oxidation
and direct radiative effects. Atmos. Chem. Phys. 2016, 16, 2507−2523.
Environmental Science & Technology Article
DOI: 10.1021/acs.est.8b02386
Environ. Sci. Technol. 2018, 52, 6825−6833
6833
